Most natural populations of Drosophila melanogaster are polymorphic for two major electrophoretic variants at the esterase-6 locus. The frequency of the EST 6F allozyme is greatest in populations in warmer latitudes, whereas the EST 6' allozyme is predominant in colder latitudes. Latitudinal clines in electromorph frequencies are found on three continents. Purified preparations of the allozymes have been characterized for their pH optimum, substrate specificity, organophosphate inhibition, alcohol activation, thermal stability, and kinetic parameters. These and previous analyses of the EST 6 allozymes reveal that the two variants have differences in their physical and kinetic properties that may provide a basis for the selective maintenance of the polymorphisms and an explanation of the clinal variation observed in natural populations.
Introduction
The hypothesis that much of the molecular variation in the structure of enzymes and other proteins is not subject to natural selection has stimulated analyses of several enzyme systems in Drosophila (Anderson and McDonald 1983; Mane et al. 1983a; Zera et al. 1985) and other animals and plants Place and Powers 1984a, 19843) . Clarke ( 1975) and Koehn ( 1978) suggested a multilevel research strategy for determining the adaptive significance of protein polymorphisms, and we have adopted this approach for the study of the polymorphism (Est-6 = locus, EST 6 = protein) of D. melanogaster (Richmond et al. 1980; Richmond and Senior 198 1; Gilbert and Richmond 1982 ). An important component of this strategy is the determination of the biochemical properties of allozymes. We report here studies of several properties of the two major allozymes of EST 6, EST 6' and EST 6F.
EST 6 is a carboxylesterase (E.C.3.1.1.1) whose structural gene has been localized to the proximal region of the left arm of chromosome 3 in D. melanogaster (Wright 1963; Akam et al. 1978) . We have isolated a molecular clone of and determined the inferred amino acid sequence of the protein . The locus is polymorphic for two major allozymes in the majority of populations throughout the species' worldwide distribution. Oakeshott et al. ( 198 1) described latitudinal clines 42 White, Mane, and Richmond in allozyme allele frequencies for populations on three continents. The EST 6F allozyme becomes rarer and the EST 6' more frequent with increasing distance from the equator. A similar clinal pattern holds for the Est-6 locus of D. simulans, a sibling species of melanogaster (Anderson and Oakeshott 1984) . However, there is no consistent relationship between geographic variation in allozyme frequencies and temporal shifts in allozyme frequencies in single localities (Cavener and Clegg 198 1; Franklin 198 1; Gilbert and Richmond 1982) .
In a series of investigations of the physiological role of EST 6, our laboratory has demonstrated that this enzyme is synthesized in and largely localized to the anterior ejaculatory duct of the male reproductive system and is transferred to the female during mating (Richmond et al. 1980; Richmond and Senior 198 1; Stein et al. 1984) . Preliminary results suggest that male-derived EST 6 is rapidly translocated to the hemolymph within seconds after its transfer to the female (D. B. Morris and R. C. Richmond, unpublished data) . The presence of EST 6 in the male ejaculate increases the rate of sperm loss from female storage receptacles, retards remating behavior, and enhances the productivity of females (Gilbert 198 1; Gilbert et al. 198 1; Scott 1986 ). Thus, it is likely that EST 6 has several in vivo functions. These functions may be subject to different selection pressures and perhaps result in the selective maintenance of several allozymes that have different biochemical properties. We show here that the two major allozymic forms of EST 6 do differ significantly in some of their biochemical properties and that these differences can be related to the natural distribution of these variants.
Material and Methods

Reagents
Esterase substrates, tris-(hydroxymethyl)-aminoethane (Tris) and Fast Red TR salt were obtained from Sigma Chemical Company. Organophosphate inhibitors-
Naled)-were from Alltech Associates. All inhibitors were ~98% pure.
Purification of EST 6
Fast and slow allozymes melanogaster derived from an were purified from monomorphic strains of Drosophila Oregon R (P2) strain. Both strains have been backcrossed to a single null-activity strain for 19 generations to standardize the genetic backgrounds (Sheehan et al. 1979) . Approximately 20-30 g of adult flies aged for 5-8 days were ground to a fine powder in liquid nitrogen and 20 mM Tris-KCl, pH 8.0. Crude homogenates were centrifuged at 16,500 g for 30 min. The supernatant was passed over an esterase-inhibitor affinity column (Abdel-Aal and Hammock 1986) , and the column was equilibrated with the Tris-KC1 buffer. Bound esterases were eluted over night with 1 OH4 M 1 , 1,l -trifluoro-3-thiooctylpropan-2-one.
The eluate was dialyzed against 6,000 vol of the equilibration buffer. This material was loaded onto a highperformance liquid-chromatography ion-exchange column (Bio-Gel TSK-DEAE-5PW) equilibrated with the same buffer. Proteins were eluted with a linear gradient of KC1 (0.02-0.40 M) at a flow rate of 0.25 ml min-'. Fractions containing EST 6 were identified by means of native acrylamide-gel electrophoresis and pooled. 44 White, Mane, and Richmond EST 6 activity remains the preparation.
should equal the concentration of active EST 6 molecules in
Enzyme Assays
Except for the thermostability and kinetic assays, EST 6 activity was measured by incubating enzyme with 10m3 M P-naphthyl acetate (PNA) in 0.1 M Tris-HCl, pH 7.0, for 10 min at 30 C unless specified otherwise. The P-naphthol produced was coupled to Fast Red TR salt, and the amount of the color complex formed was measured spectrophotometrically at 490 nm (see Mane et al. 1983~) . For the thermostability and kinetic assays, enzyme activity was computed on the basis of the slope of the linear relationship between absorbance and time. A molar extinction coefficient for P-naphthol/Fast Red TR was computed to be 1 SO2 X 1 O4 mol cm-'.
Substrate Specificity
The relative activity of a mixture of the fast and slow allozymes of EST 6 was determined with a series of eight a-and P-naphthyl esters whose acyl moieties ranged from C2 (acetate) to C 14 (myristate). EST 6 activity with each substrate was measured as described above with 1 0T5 M substrate, in three-or four-replicate reaction mixtures.
The amidase activity of purified EST 6 was assayed according to the method described by Heymann et al. ( 198 l) , using acetanilide as the substrate. The acetylcholinesterase activity of EST 6 was assayed using acetylthiocholine iodide as the substrate (Ellman et al. 196 1) .
Thermostability
Aliquots of the two allozymes were incubated at temperatures of 25-53 C for 20 min to determine those temperatures at which thermal denaturation occurred. Aliquots of both allozymes also were incubated at 50 C for periods of as much as 1 h to examine the time course of thermal denaturation. After incubation, the enzyme was placed on ice and activity was assayed immediately as stated above. Data are presented as the percent of remaining EST 6 activity relative to the highest activity for each allozyme.
Effect of pH on Activity EST 6F and 6' activities were measured as described previously in 0.1 M sodium acetate buffer (pH 5.0-6.5) or 0.1 M Tris-HCl buffer (pH 7.0-10.0). Duplicate assays were made at each pH.
Effect of Alcohols on Activity
The effect of alcohols on the activity of EST 6 was investigated by incubating purified enzyme in the presence of a series of alcohols each at a concentration of 0.1 M. Since Tris is an alcohol, we initially compared EST 6 activity in Tris and 0.1 M sodium phosphate buffer, pH 7.0. There were no significant activity differences. To determine whether an alcohol had an effect on the absorption of the complex between the Fast Red TR and P-naphthol, we measured the 0D490 for two series of standard P-naphthol curves with and without 0.1 M propanol. Over a range of O-200 nM pnaphthol, there were no significant differences in absorption between these two curves (data not shown). Results of comparisons between the two EST 6 allozymes are expressed as the percentage of activity relative to control assays not containing alcohol.
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Inhibitor Studies Stock solutions of all organophosphate inhibitors were dissolved in acetonitrile and further diluted with distilled water. EST 6 preparations were preincubated with varying amounts of inhibitor for 10 min at 30 C in 0.1 M Tris-HCl, pH 7.0, buffer containing 10% acetonitrile. Activity remaining after inhibition was assayed by adding a substrate solution of 10m4 M PNA also containing inhibitor such that the final concentration in the reaction mixture was unchanged.
The effectiveness of organophosphate inhibition was compared using the bimolecular rate constant (kJ for interaction of enzymes with inhibitors. ki Values were calculated assuming that (1) the reaction of enzyme and inhibitor obeys pseudo-firstorder reaction kinetics, (2) accumulation of Michaelis complex is negligible, and (3) the relative concentration of inhibitor (I) is higher than that of enzyme (Main 1964 (Aldridge 1950; Hartley and Kilby 1952) . SEs of ki are taken to be equivalent to those of the slope of the regression line.
Kinetic Assays
Active-site titration with the inhibitor Dibrom permitted a determination of the concentration of active enzyme (not total protein) in the EST 6 preparation. Equal amounts of both allozymes (6.1 X 10-l' mol, M, for EST 6 = 59,380; were assayed for activity, by using the assay conditions described above, at four substrate concentrations (2 X 10m4, 4 X lo-', 10m5, and 2 X 10F6 M PNA) at each of five temperatures (10, 15, 20, 25 , and 30 C) in 0.1 M 3-(N-morpholino)propanesulfonic acid buffer, pH 7.2, containing 1% bovine serum albumin. Triplicate assays were performed. The data were analyzed using the nonparametric direct linear plot Eisenthal and Cornish-Bowden 1974) .
Results
Substrate Specificity
The substrate specificity of a mixture of the two allozymes was determined for eight a-and P-naphthyl esters (table 1) . EST 6 shows a pronounced preference for pover a-naphthyl esters, confirming the finding of Wright (1963) and others. Among the various acyl moieties, EST 6 shows a decided preference for the short chain (C2 and C3) esters. The ability of the enzyme to hydrolyze longer-chain esters falls rapidly with compounds having acyl carbon length >4.
Purified EST 6 hydrolyzes acetanilide with a kcat of 15,500 min-' at 30 C, compared with 32,100 min-' for the hydrolysis of PNA. The enzyme shows no appreciable 46 White, Mane, and Richmond hydrolysis of acetylthiocholine at 30 C. These results extend the findings of Junge and Krisch (1973) and Heymann (1980) that enzymes that catalyze the hydrolysis of carboxy1 esters invariably catalyze the hydrolysis of carboxyamides. Since EST 6 has no acetylcholinesterase activity, we can rule out the possibility that it is involved in the degradation of acetylcholine.
Thermostabilities
Below 40 C, the two EST 6 allozymes exhibit similar responses to heating ( fig. 2 ). Above 40 C, EST 6' seems to exhibit greater thermostability. An analysis of the variance of the arcsin square-root transformation of the data reveals that both allozymes showed significant losses in activity (P < .OO 1) and that differences between the two allozymes were nearly significantly different (P < .052). A significant interaction between temperature and allozyme suggests that the two allozymes may have different thermostability patterns. This possibility is supported by the time-course experiments at 50 C, which show that the two variants lose activity at different rates ( fig. 3 ; P < .OOl, t-test for comparison of slopes). Both Danford and Beardmore (1979) and Cochrane and Richmond (1979) found that the EST 6' allozyme was more thermostable than EST 6F at temperatures >40-50 C.
Effect of pH on Activity
The activity of the two allozymes was determined over a pH range of 5-10 by using sodium acetate and Tris-HCl buffers. Figure 4 shows the pH profile in which activities for each allozyme have been standardized to the maximum activity for that allozyme. The pH curve is broad for both forms, with -50% of maximum activity occurring over a pH range of 6-10. After transformation, a two-way analysis of variance (ANOVA) revealed that there is no significant effect of the allozyme type (P < .06 l), but a significant pH effect (P < .OOO 1) and interaction term (P < .OO 1) were obtained. This finding suggests that the activities of the two allozymes differ in their responses to changing pH levels. 
Effect of Alcohols
Carboxylesterases from several sources are known to be activated by alcohols that are good nucleophilic reagents (Fitch 1964; Greenzaid and Jencks 197 1; Wynne and Shalitin 1972) . This property is shared by EST 6. The data presented in table 2 show that the primary alcohols are good activators of EST 6 when PNA is used as the substrate. Among the members of the primary alcohol series tested, activation is maximal with propanol (-450% above control values) and falls off gradually as the length of the carbon chain increases (table 2 ). An ANOVA of replicate measures of the 'Values given are percent activation or inhibition (-) relative to a control assay without alcohol. Each value is the mean of two replicates. In all cases, P-naphthyl acetate was used as the substrate.
transformed data for the primary alcohols listed in table 2 reveals (1) a highly significant effect of alcohol type on the degree of activation, (2) no significant effect of allozyme type, but (3) a significant interaction of allozyme and alcohol type. This latter result suggests that although the overall level of activation for any one alcohol does not differ significantly for the two allozymes, the response of the two allozymes to different alcohols is significantly different. For example, EST 6' is activated to a greater extent by ethanol and octanol than is EST 6F, which has a correspondingly higher activity in the presence of propanol, butanol, and hexanol. The secondary alcohols, isopropanol and 2-butanol, which are activators of mammalian esterases at lower concentrations (Wynne and Shalitin 1972) , were inhibitory for both EST 6 allozymes at 0.0 1 M (table 2).
Effect of Organophosphate Inhibitors
Plots of log percent residual activity against inhibitor concentration gave straight lines for Malathion, DDVP, Dibrom, and Paraoxon ( fig. 5A , SB, SD, 5E). A bimolecular rate constant calculated on the basis of the slopes of these lines yielded the values listed in table 3. There were no significant ki differences between the allozymes.
Phosdrin did not produce a linear loss of activity with increasing concentration for either allozyme ( fig. 5C ). The most likely explanations for this departure from linearity are (I) that the inhibitor is being destroyed either by the enzyme or by spontaneous hydrolysis or (2) that a Michaelis complex between the enzyme and inhibitor is being formed that is capable of dissociation (Main 1964) . Phosdrin was also the only inhibitor that provided any evidence of a differential effect on the two allozymes. A two-way, fixed-factor, replicated ANOVA revealed that EST 6' is inhibited to a significantly greater degree than is EST 6F (P 6 ,001). 
Kinetic Assays
The kinetic parameters, K,,, and Vmax, were calculated on the basis of reactionrate data for the two allozymes by using the nonparametric, direct linear method. Since the amount of active enzyme used in the kinetic analyses was determined by means of active-site titration and was identical for each allozyme, the K,,, and V,,, values at each temperature can be converted into the two fundamental rate constants, kcat and k,JK,,, . kcat Measures the catalytic efficiency of an enzyme at high substrate concentrations, whereas k&K,,, determines efficiency at low substrate levels. By evaluating these parameters over a series of temperatures for the two EST 6 allozymes, we can determine which of the two forms is the most effective catalyst (Place and Powers 1979; Zera et al. 1985) under the conditions studied. Table 4 summarizes the estimates of the kinetic parameters obtained for the two allozymes of EST 6 over the temperature range lo-30 C. Figures 6 and 7 show the relationship between the two fundamental rate constants and temperature over the substrate concentrations used (0. l-10 X Km). The kcat value for EST 6' is consistently greater than that for EST 6F, suggesting that the slow form of EST 6 is a more efficient catalyst at high substrate concentrations over all temperatures studied. The plot of kcat/Km against temperature ( fig. 7 ) may provide a more realistic picture of the relative efficiencies of the two allozymes, since this parameter assesses catalytic efficiency at low substrate concentration. Under these conditions, EST 6' is clearly the more efficient catalyst over the temperature range of lo-20 C; but at 25 and 30 C the two allozymes are approximately equivalent, although EST 6' has a consistently higher k&K,,, at all temperatures studied. Cooke et al. (1987) have studied EST 6 variability in a series of isochromosomal lines from a natural population by using an electrophoretic procedure that likely detects most amino acid substitutions in the protein. This approach resolved 10 allozyme classes and resulted in the traditional EST 6' and EST 6F classes being subdivided into five and three allozymes, respectively. It is unlikely that the allozyme preparations used in the current study were mixtures of proteins belonging to the traditional fast and slow classes, since the lines were highly inbred when they were initially isolated and have been backcrossed for 19 generations to a single null-activity strain to standardize their genetic backgrounds (Sheehan et al. 1979) . DNA clones derived from flies whose EST 6 allozymes belonged to the traditional fast and slow classes are being sequenced by P. H. Cooke and J. G. Oakeshott (personal communication) . Their preliminary results show that the most common alleles within these classes differ by five amino acid substitutions. Thus it is perhaps not surprising that our biochemical analyses have identified several properties that are significantly different between the two allozyme classes. These biochemical differences may provide a basis for fitness differences among individuals of different Est-6 genotypes.
Discussion
Substrate Specificity EST 6 is capable of cleaving C2-C5 acyl esters of a-or P-naphthol but shows a decided preference for C3 and C2 esters of P-naphthol (table I;_ Mane et al. 1983a ). The preference of some carboxylesterases for P-naphthyl esters has led us to call these enzymes p-esterases. The p-esterases of Drosophila buzzatii (esterase 1; East 1982) and D. mojavensis (esterase 4; Pen et al. 1986a) have substrate preferences very similar to those of EST 6. Given the substantial primary sequence similarity between the mojavensis esterases and EST 6, this result may not be surprising (Pen et al. 1986b; Oakeshott et al. 1987) .
Both the type of alcohol group bonded to the acyl chain and the point of attachment to the alcohol group can have a significant effect on the activity of P-esterases toward a substrate (East 1982; Mane et al. 1983~1) . The substrate specificity exhibited by EST 6 for the acyl moiety of the substrate does not extend to the alcohol group. P-Esterases are able to split esters ofp-nitrophenol and other alcohols with an efficiency the same as or greater than that with which they hydrolyze esters of P-naphthol (Danford and Beardmore 1979; East 1982; Mane et al. 1983~) . Mane et al. (1983b) demonstrated that EST 6 could hydrolyze cis-vaccenyl acetate (cVAc), an ester of a straight-chain, C 18, fatty acid. cVAc was a good candidate for the in vivo substrate of EST 6, since it is also transferred to females as a component of the seminal fluid (Brieger and Butterworth 1970; Mane et al. 1983b ). However, we showed that the product of EST 6-catalyzed hydrolysis of cVAc, cis-vaccenyl alcohol, was not produced in females inseminated by males carrying active Est-6 alleles (Vander Meer et al. 1986 ). Bartelt et al. (1985) showed that inseminated females deposit cVAc on the food substrate, where it may act as an aggregation pheromone. Thus, the in vivo substrate of EST 6 and the mechanism(s) by which the enzyme influences female reproductive behavior and physiology remain unknown (Scott 1986; Vander Meer et al. 1986 ).
Our observation that EST 6 can hydrolyze carboxyl amide bonds with -50% of the efficiency with which it cleaves carboxyl ester bonds suggests that the natural substrate(s) of the enzyme may be an amide. There is little evidence for the presence of amides in the seminal fluid of Drosophila, although a variety of free amino acids and small peptides are found in seminal fluid (Chen 1984; Davey 1985) . McGhee (1987) has recently reported a partial amino acid sequence for an intestinal carboxylesterase from the nematode, Caenorhabditis elegans. Although this sequence is short, it is 34% similar to the amino-terminal region of EST 6 and 45% similar to the amino-terminal region of EST 5 from D. mojavensis (Pen et al. 1986b ). EST 5 of mojavensis and EST 6 are 63% similar for the same region. Thus it is likely that (1) the Caenorhabditis esterase, (2) EST 5 of D. mojavensis, and (3) EST 6 are homologous enzymes. McGhee ( 1987) has completed a biochemical characterization of the nematode esterase, and his data show that its substrate specificity is similar to that of EST 6. Like EST 6, it is capable of splitting a variety of histochemical substrates, although at widely varying rates. McGhee also tested the nematode esterase with acetylcholinesterase, lipase, phosphatase, and protease substrates and found no detectable activity. We are currently testing EST 6 for protease activity.
Thermostabilities Oakeshott et al. (198 1) and Anderson and Oakeshott (1984) have shown that the frequencies of the EST 6 allozymes vary with latitude on three continents. The selective basis for these clines is probably complex, but there are several lines of evidence that suggest that temperature is an important selective agent. Franklin ( 198 1) detected seasonal changes in the allozyme frequencies in a 5-year study of Australian populations. The Est-6F allele decreased in frequency during the winter months and increased during late summer. Data from population cages maintained at 18 and 25 C (Oakeshott 1979; Gilbert and Richmond 1982) further suggest that cooler temperatures favor the Est-6S allele. These data are not without exceptions (see, e.g., Cavener and Clegg 198 l) , and the intricate patterns of heterozygote excesses and deficiencies noted by Franklin ( 198 1) and Gilbert and Richmond ( 1982) suggest that the selective basis for the maintenance of the Est-6 polymorphism is complex.
Data on the relative thermostabilities of the allozymes (figs. 2, 3) and their geographic distributions reveal a paradox. The EST 6F allozyme, although less thermostable at higher temperature, predominates in warmer latitudes and appears fixed in some populations in southern Mexico (Oakeshott et al. 198 1) .
Although temperature is likely to be a major selective force in the maintenance of the observed clines, the effect of temperature on allozyme thermostability probably does not play a role. A survey of other D. melanogaster enzymes for which data on allozyme thermostability and geographic-frequency distribution are available shows a lack of correlation between allozyme stability and the observed frequency distributions (table 5) . Of the seven loci identified, only two (Adh and a-Gpdh) show agreement between the direction of the cline and the relative thermostability. We conclude that the thermostability differences, which occur only well beyond the physiological range of the organism, are not a likely explanation for clinal variation at the Est-6 locus.
Differences in the in vitro thermostabilities of the EST 6 allozymes may provide an indication of differences in another property of these molecules. The thermostability of bacterial and mammalian proteins is strongly correlated with their in vivo half-life (Goldberg and Dice 1974) . If this relationship holds for EST 6, the EST 6s allozyme may have a longer half-life than EST 6F. EST 6 derived from the male has significant effects on the reproductive behavior and physiology of the mated female. If the length 56 White, Mane, and Richmond Oakeshott et al. (198 1, 1982a Oakeshott et al. (198 1, , 1983 for data on allozyme-frequency clines.
l Indicates presence or absence of significant clinal variation in allozyme frequency. b Indicates presence or absence of significant thermostability differences among allozymes. c Indicates whether thermostability differences are in accord with clinal variation in allozyme frequencies.
of time that it remains active in the female's hemolymph is related to its effect on female behavior and reproductive physiology, then the in vitro differences in thermal stability between the allozymes may translate into differences in the magnitude of the allozyme's effects on the female. Experimental tests of this possibility are currently underway.
Effects of pH and Alcohol on Activity
The pH optima ( fig. 4 ) of the two allozymes are very similar, and both enzymes display activity over a broad pH range. Although a two-way ANOVA does not show a significant effect of allozyme type, the significant interaction term suggests that the two allozymes may respond differently to pH changes.
The activation of Drosophila esterases by short-chain alcohols was reported by Johnson et al. (1966) , who noted that propanol effectively enhanced esterase activity. McGhee's (1987) analysis of the Caenorhabditis esterase shows that its activity also is enhanced by simple alcohols. The activation of carboxylesterases by alcohols is an established observation (Fitch 1964) . Alcoholic activation of a cholinesterase was shown by Fitch (1964) to result in the transfer of the acetyl group of the substrate to some alcohols that are often more nucleophilic than water.
Although data from a single alcohol concentration do not show significant differences between the allozymes of EST 6, there is a significant interaction effect. This suggests that further study of the effects of alcohols over a concentration range might prove to be a useful probe for structural differences between allozymes. The stimulatory effect of alcohol on EST 6 activity may occur under natural conditions, since Oakeshott et al. (1982b) have shown that D. melanogaster occur in fruit with relatively high alcohol concentrations.
Organophosphate Inhibitors
Organophosphorus pesticides are well-known inhibitors of esterases (Fest and Schmidt 1973) , and their effects on esterase activity are used as the primary means for classifying these enzymes (Otto and Von Deimling 1983) . Singh and Morton (1985) and El-Abidin Salam and Pinsker (198 1) investigated the relationship between EstCharacterization of Esterase 6 in Drosophila 57 6 allozyme frequency and resistance to organophosphates in laboratory populations. Both studies reported a significant decline in the frequency of the EST 6' allozyme in populations subjected to insecticides, although Singh and Morton attribute this phenomenon to linkage disequilibrium rather than to a direct effect of the insecticide on the &t-6 polymorphism. The only inhibitor tested in the present study that had a differential effect on the two allozymes was Phosdrin, which inhibited EST 6' to a greater degree than it did EST 6F. Of the remaining organophosphate inhibitors tested, two others also inhibited EST 6' to a greater degree, one inhibited EST 6F to a greater degree, and one did not distinguish between the allozymes. These data suggest (1) that the two allozymes differ in the degree to which they are inhibited by some organophosphates and (2) that these differences may be reflected in their frequencies in laboratory populations subject to insecticides.
Kinetic Parameters
All of our kinetic data are for the artificial substrate, PNA. Thus the conclusions drawn from these data must be tempered by the realization that the kinetic properties of the allozymes could be very different if the true in vivo substrate(s) was used. Nevertheless, the biologically reasonable interpretations that we are able to draw from these data and the similarity of kinetic parameters from esterases of widely different origins suggest that the results may be representative of the in vivo parameters.
Without exception, the slow allozyme of EST 6 has the highest I&,, at all temperatures tested. This confirms both our previous finding (Mane et al. 1983a ) and the results of Danford and Beardmore (1979) . Although the K,,,'s of the two allozymes are remarkably similar at lo-20 C, at 20-25 C the K,,, for EST 6' increases significantly whereas that for EST 6F does not change. Thus, the K,,, of EST 6F is generally conserved over a broad temperature range whereas that for EST 6' is conserved over a much narrower range.
There is some discrepancy in the literature regarding the magnitude of the K,,, for Drosophila carboxylesterases when P-naphthyl acetate is used as the substrate. Costa et al. (1983) report that the K,'s for EST 6 are l-6 mM at 25 C, depending on the allozyme tested. Mane et al. (1983a) found the K,'s for EST 6 to be -3 pM at 30 C. The current measurements found K,,,'s of 9-20 pM, depending on temperature and allozyme studied (table 4). Pen et al. (1986a) found K,,,'s in the range of 14-58 uM for the esterase-4 allozymes of D. mojavensis measured at 37 C. These studies all differ in the degree to which the esterases were purified and, in some cases, in the buffer used to determine kinetic parameters. However, the results of Mane et al. ( 1983a) , Pen et al. (1986a) , and the present study all agree that the K,,, for p-esterases of Drosophila is in the micromolar range. The study of Costa et al. (1983) is the only one in which partially purified preparations were used, and this may account for the substantial difference in the K, that they obtained.
If we assume that in vivo substrate concentrations are substantially below the K,,, for EST 6, then the most apt measure of the catalytic efficiency of the two allozymes is the specificity constant (k,,JK,) .
This parameter measures the efficiency of the enzyme under presumed physiological substrate concentrations . At lo-20 C, EST 6' is significantly more efficient than EST 6F. However, at 25 and 30 C, the catalytic efficiencies of the two allozymes are not statistically different, although EST 6' tended to be the higher of the two. The peak catalytic efficiency for EST 6s occurs at 15 C, whereas that for EST 6F lies between 20 and 30 C. If selective effects at the Est-6 locus are related to the catalytic efficiency of the enzymes, then (1) cooler temperatures should favor the Est-6S allele and (2) the selective differential should narrow considerably at warmer temperatures. Data on clinal variation in EST 6 allozyme frequencies (Oakeshott et al. 198 1) are consistent with this hypothesis. Pen et al. (1986a) have determined the specificity constant for the p-esterase of D. mojavensis, esterase-4, at 37 C by using P-naphthyl acetate as a substrate. Their value of -lo8 M-' min-' agrees well with that which we obtained for EST 6, -lo9 M-' min-' at 30 C (table 4) . McGhee (1987) determined kCat for a nematode carboxylesterase, and his value of 3.0 X lo4 min-' agrees with that which we found for EST 6 (table 4). Pen et al. (1986a) suggested that the magnitude of the specificity constant for esterase-4 indicated that the physiological substrate of esterase-4 most likely resembles the naphthyl ester used as the in vitro substrate. If this hypothesis is correct, it suggests that the substrates of EST 6 and esterase-4 may be similar even though their tissue and stage specificity are very different (Zouros et al. 1982) . The available amino-terminal primary sequence of esterase-4 (Pen et al. 1986b ) has 70% sequence similarity to the amino-terminal region of EST 6, suggesting that these two loci are homologous .
Conclusions
Almost 2 decades ago, the introduction of molecular techniques to population studies revealed a wealth of genetic variation at structural loci within natural populations, a diversity that had not been predicted by theoretical models of population genetic structure (Lewontin and Hubby 1966 ). To accommodate this unexpected level of molecular variation, several investigators proposed that a significant portion of the molecular variation at structural gene loci in natural populations was not subject to natural selection (Kimura 1968 ). Variation at highly polymorphic loci such as those of the carboxylesterases was thought least likely to be affected by selection, since most selection was purifying in nature and acted to remove variants from natural populations. Variation at loci with a large number of alleles was presumed to be largely neutral. Indeed, initial experimental attempts to demonstrate selection at p-esterase loci in Drosophila melanogaster and D. pseudoobscura were not successful (MacIntyre and Wright 1966; Yamazaki 197 1) .
Oakeshott and his colleagues (Oakeshott et al. 198 1; Anderson and Oakeshott 1984) have demonstrated that allozyme variation at the Est-6 locus in D. melanogaster and D. simulans is correlated with latitude on three continents. This finding provides compelling evidence for the action of natural selection on the major allozymes at this locus. The results of our study now provide a possible molecular basis for the clinal variation observed at this locus. The catalytic efficiency of the two major allozymes of EST 6 varies with temperature in a manner that is consistent with the clinal variation observed in natural populations. Differences between the allozymes with regard to other biochemical characteristics may provide a basis for other selective factors (e.g., in vivo stability) that may provide a counterselection for differences in the catalytic efficiency of the two allozymes. These studies support the hypothesis that even variation at highly polymorphic structural loci in natural populations may be subject to natural selection-and that this variation may be maintained in populations by a balance of selective forces.
